Context. One of the big questions in astrochemistry is whether complex organic molecules are formed in the gas phase after evaporation of the icy mantles of interstellar dust grains or at intermediate temperatures within these icy mantles. Dimethyl ether (CH 3 OCH 3 ) is one of these species that may form through either of these mechanisms, but it is yet unclear which is dominant. Aims. The goal of this paper is to determine the respective importance of solid state vs. gas phase reactions for the formation of dimethyl ether. This is done by a detailed analysis of the excitation properties of the ground state and the torsionally excited states, 11 = 1 and 15 = 1, toward the high-mass star-forming region G327.3-0.6. Methods. With the Atacama Pathfinder EXperiment 12 m submillimeter telescope, we performed a spectral line survey toward G327.3-0.6 around 1.3, 1.0, and 0.9 mm as well as at 0.43 and 0.37 mm. The observed CH 3 OCH 3 spectrum is modeled assuming local thermal equilibrium.
Introduction
A key stage in high-mass star-formation is the hot molecular core phase, in which high abundances of complex organic molecules are found in the inner warm regions (e.g. Rodgers & Charnley, 2003) . The origin of complex organic species is still debated, in particular, which species are formed by solid state reactions in the cooler stages, and which form in the gas phase after evaporation of icy grain surfaces, when the young forming high-mass star starts heating up its surroundings (Tielens & Charnley, 1997; Charnley et al., 1992; Charnley, 1995) . CH 3 OCH 3 (dimethyl ether) is one of these "hot core molecules" for which the exact formation mechanism is not yet clear. It has frequently been detected toward high-mass star-forming regions and has a typical abundance of 10 −8 -10 −7 with respect to H 2 (see e.g., Sutton et al., 1995; Nummelin et al., 2000; Schilke et al., 2001;  Send offprint requests to: S. E. Bisschop, suzanne@snm.ku.dk Comito et al., 2005) . It has been observed towards low-mass starforming regions as well (Cazaux et al., 2003; Jørgensen et al., 2005a) .
A recent discussion of CH 3 OCH 3 formation is given by Peeters et al. (2006) . Two alternative formation mechanisms are suggested: grain surface reactions and warm gas phase chemistry. In the first route, large quantities of CH 3 OCH 3 may be produced by the combination of radicals formed as the photodissociation products of organic molecules on the surfaces of icy grains (Garrod et al., 2008) . Since these radicals are mobile only at intermediate ice temperatures or higher, CH 3 OCH 3 is formed above 30 K. It evaporates before H 2 O and CH 3 OH, due to its inability to form hydrogen bonds. In laboratory experiments byÖberg et al. (2009) an evaporation temperature of 85-90 K is found. However, the total number of desorbed molecules is a function of both temperature and time. Therefore the expected evaporation temperature of CH 3 OCH 3 for more re-S. E. Bisschop et al.: CH 3 OCH 3 in the high-mass star-forming region G327. 3-0.6 alistic warm-up time scales for star-forming regions, e.g., 10 4 -10 6 yr for an envelope warming up from 20 to 200 K (Garrod et al., 2008) , is expected to be around 70 K (see e.g., Bisschop et al., 2006 , where this time scale effect is demonstrated for CO and N 2 ). After evaporation it is destroyed and/or protonated (Peeters et al., 2006) . This results in a decreasing abundance over time and a peak in the CH 3 OCH 3 abundance early in the evolution of the hot core. The second route is gas phase formation of CH 3 OCH 3 from CH 3 OH. This reaction has been measured in the laboratory by Karpas & Mautner (1989) and occurs in two steps. The first step is the self-alkylation of protonated methanol: CH 3 OH + 2 + CH 3 OH → CH 3 OCH + 4 + H 2 O. The second step is dissociative recombination, which leads to the neutral dimethyl ether. Hamberg et al. (2010) report that the dissociative recombination of CD 3 OCD + 4 leads to the formation of deuterated dimethyl ether in about 7% of the cases. If the same branching ratio holds for the non-deuterated species, this means that the expected gas phase abundance ratio CH 3 OCH 3 /CH 3 OH is probably not higher than ∼7%. The abundance of CH 3 OCH 3 formed in the gas phase is expected to peak at higher temperatures compared to the grain-surface formation scenario, since CH 3 OH only evaporates at around 100 K (Viti et al., 2004) . However, low abundances of two orders of magnitude less of CH 3 OH are also found in the outer parts of low-mass protostars and even cold dark clouds (Jørgensen et al., 2005b; Maret et al., 2005; Dickens et al., 2000) . If this is also the case for high-mass star-forming regions, it may also lead to the formation of a small amount of dimethyl ether at low temperatures in the gas phase. In summary, CH 3 OCH 3 is mainly expected to be present in the hot core and the emission should be very well modeled with one or two temperature components. One of the main questions we would like to answer in this paper is whether this is indeed is the case.
The detailed study of CH 3 OCH 3 is part of a larger project in which we obtained a large, unbiased, line-survey of the 230, 290, 345, 690 and 810 GHz atmospheric windows with the Atacama Pathfinder EXperiment 1 (APEX) telescope for the chemically extremely rich high-mass star-forming region G327.3-0.6 (Bisschop et al. in prep) . The G327.3-0.6 hot core is located in an active region of high-mass star-formation, close to two HII regions, and its formation may have been triggered by an expanding infrared bubble (Minier et al., 2009) . North of the "hot core" there is a colder cloud core detected in CO and N 2 H + (Wyrowski et al., 2006) . Recent observations of mid-J CO-lines by Leurini et al. (2012) show that the molecular emission is extended and suggest that smaller high density clumps are also present in the region. The aim of our large unbiased line-survey of the high-mass star-forming region G327.3-0.6 is to make an inventory of the chemical composition of the "hot core" and to compare their abundances and excitation properties to astrochemical models of gas and grain-surface chemistry (as for example shown for ethyl formate and n-propyl cyanide by Belloche et al., 2009 ). Hereby we aim to get a better understanding of the chemical mechanisms, e.g., which species may be formed on grain surfaces and which in the gas phase. G327.3-0.6 is very suitable for such a study since the emission lines are strong and narrow. There is relatively little line blending, which makes it possible to detect many weaker transitions. Next to the detection of dimethyl ether, a large number of other complex (Gibb et al., 2000, Bisschop et al. in prep.) . Currently, we have detected 44 molecular species in this source, 51 isotopologues and 23 vibrationally excited states of which two are detected for minor isotopologues. Papers in which the full CHAMP + and SHeFI surveys will be presented are in preparation.
This paper is structured as follows: Sect. 2 discusses the observations, Sect. 3 presents the analysis methods, Sect. 4 describes the results of the observations, and discusses the results of radiative transfer models for the dimethyl ether emission with either an isothermal or non-uniform density and temperature structure, in Sect. 5 the isothermal and non-uniform source structure models are compared and the resulting constraints on the formation mechanisms of CH 3 OCH 3 are discussed, and finally Sect. 6 summarizes the main conclusions.
Observations
G327.3-0.6 was observed in 2008 in the 230, 290 and 345 GHz atmospheric windows with the Atacama Pathfinder EXperiment (APEX) located in the Atacama desert in Chile (Güsten et al., 2006a,b) . Additional observations were performed in August 2009 in the 690 and 810 GHz atmospheric windows. The coordinates for the G327.3-0.6 hot core are α J2000 =15 h 53 m 08. s 2, δ J2000 =−54
• 37 06.6 and the source has a V lsr = −45 km s −1 . We used a distance of 2.9 kpc for G327.3-0.6 (Simpson & Rubin, 1990 ) and a luminosity of 1×10 5 L (Wyrowski et al., 2006) . In Table 1 the precise frequency ranges that are covered are given. The front-ends used were the SHeFI heterodyne receivers, APEX-1 for the 230 GHz window and APEX-2 for the 290 and 345 GHz windows (Vassilev et al., 2008) . The 2 times 7-pixel dual channel heterodyne receiver array, CHAMP + (Kasemann et al., 2006) , was employed for the 690 and 810 GHz observations. The Fast Fourier Transform Spectrometer (FFTS) was the backend for all the SHeFI observations (Klein et al., 2006) . It has 8192 spectral channels divided over two units, each of which has a bandwidth of 1 GHz with a channel spacing of 122 kHz. The two units are spaced such that there is 100 MHz overlap, which results in a bandwidth of 1.9 GHz covered per setting. For the CHAMP + array the Array Fast Fourier Transform Spectrometer (AFFTS) was used. It has 2048 channels in each of its two units, both of which have a bandwidth of 1.5 GHz, a resolution of 732 kHz and an overlap between both units of 180 MHz. All observations were done in single sideband mode. The telescope pointing was performed on the continuum of the source itself. The pointing was checked every two hours for the SHeFI instrument and every hour for the CHAMP + instrument and found to be accurate within 2". The focus was optimized every few hours or around sun-set and sun-rise and when large temperature changes occurred. The wobbling mode with a throw of ±100 was used for the observations.
The main-beam temperatures have been calculated by:
where F eff and B eff are the forward and the main beam efficiencies, respectively. The main beam efficiencies were based on the measurements at a number of given frequencies: the SHeFI efficiencies are tabulated in Vassilev et al. (2008) , whereas the efficiencies of the CHAMP + instrument for the August 2009 observing campaign are given online 2 All values used in this paper are shown in Table 1 . These efficiencies were scaled to the efficiencies at the observing frequencies using the Ruze-formula. The half power beam widths (HPBW) of APEX (Güsten et al., 2006b (Güsten et al., , 2008 are given by:
The rms noise level reached on the T MB scale at 0.244 MHz resolution was 30-40 mK for the 230 and 290 GHz bands and 45-55 mK in the 345 GHz window. For the 690 GHz and 810 GHz windows the rms was 100-200 mK and 150-500 mK, respectively, at a resolution of 0.732 MHz.
Before modeling the molecular emission of the source a zeroth order baseline was subtracted. The baseline was determined based on emission-free parts of the spectra. In general, the system temperatures calculated were averaged over the observed range of 1.8 GHz per setting. However, for the CHAMP + spectra, there are a few frequency settings where strong atmospheric emission lines are present. These settings were recalibrated channel-by-channel off-line. In most cases this reduced the atmospheric features in the spectra and increased the overall calibration accuracy in the band. However, the calibration close to these strong atmospheric lines remains very uncertain and does thus not give reliable quantitative constraints. We have compared observations of the exact same frequency taken at different days and from this we estimate that the calibration uncertainty leads to an overall uncertainty on the line-strengths of 15-20% for the SheFI data and ∼25-30% for the CHAMP + data. At 1.3, 1.0, and 0.9 mm the confusion limit is reached for a significant fraction of the observed frequency ranges, however sufficient emission free ranges were present to determine a baseline.
Data Analysis
This research made use of the myXCLASS program 3 (Comito et al., 2005) , which accesses the CDMS 4 (Müller et al., 2001 (Müller et al., , 2005 and JPL 5 (Pickett et al., 1998 ) molecular data bases. Additionally, we modeled selected emission lines of the ground state with the new radiative transfer tool LIME (Brinch & Hogerheijde, 2010) . The line assignments for CH 3 OCH 3 are based on new measurements of the ground state, = 0, by Endres et al. (2009) as well as the lowest two torsionally excited states, 11 = 1 and 15 = 1 (Endres et al in prep.) . The 11 = 1 and 15 = 1 states lie 200 and 240 cm −1 , or in temperature units 288 and 346 K above the ground state, respectively. Local thermal equilibrium (LTE) models were constructed for the emission, in which the source size θ is given in , column density N T in cm −2 , rotational temperature T rot in K, and line width ∆V in km s −1 were varied to obtain the best-fit model by-eye. We have estimated the uncertainties by systematically varying all the parameters in the myXCLASS models. The model results are shown together with the uncertainties in Table 2 . The increments with which the different parameters were varied is equal to half the uncertainty given in Table 2 .
Although the myXCLASS models are used to derive the molecular parameters, rotational diagrams (see Goldsmith & Langer, 1999 , for a discussion of the method) were used to assess the reliability of the fits. Rotational diagrams were constructed for the lines of the ground and torsionally excited states that were not too severely blended, meaning that these transitions are found to be the major contribution to the emission feature. Blending with known features of other molecules has been corrected for by the subtraction of the model for all molecules minus dimethyl ether from the integrated line-intensities. Under LTE conditions and assuming the emission is optically thin the integrated line intensities, T MB dV in K km s −1 are related to the column density in the upper energy level, N u in cm −1 , divided by the degeneracy in the upper energy level, g u , by:
where ν is the transition frequency in Hz, A ul is the Einstein Acoefficient in s −1 . The Einstein A-coefficient can be calculated through:
where µ is the dipole moment in Debye and S is the line strength. B is the beam-filling factor and is calculated through:
where θ G327.3−0.6 is the size (FWHM) of the source in arcsec, which is determined from the isothermal myXCLASS model for the optically thick transitions. If the emission for a specific transition is optically thick the integrated line intensity additionally has to be multiplied by the correction factor C τ , which is given by:
where τ is the optical depth. Thus:
In this paper the optical depths for the emission lines are calculated with the isothermal myXCLASS model. The total sourceaveraged column density N T can then be computed from:
where the rotational temperature, T rot , should be equal to the kinetic temperature of the gas under LTE conditions, Q(T rot ) is the rotational partition function, and E u is the upper level energy in K. Practically, this means that T rot can be determined from the slope of the rotational diagram (such as for example shown in Fig. 2 ) and N T from the intercept with the y-axis.
The fit to the data has been optimized, using an iterative approach. First we made a model that fits the data well by-eye and subsequently a rotation diagram was constructed. The results of this fit were then used as renewed input until the fit was optimal.
Critical density
One of the main assumptions in our analysis is that the emission is in LTE. In the following we will use the critical density, n cr in cm −3 , to validate this assumption. However, it is necessary to mention that n cr is not per definition equal to the density where the excitation temperature is equal to the kinetic temperature. This depends on for example the frequency of a transition, and the temperature of the gas (Evans, 1999 (Evans, , 1989 . Both higher frequencies and higher temperatures decrease the densities at which a given transition is effectively thermalized. At submillimeter wavelengths the thermalization density is approximately the same as the critical density. We therefore use the critical density here to estimate the effective thermalization density. Unfortunately it is not possible to derive the critical density for transitions of dimethyl ether directly, since its collisional rates are not known. However, we can attempt to estimate them, when we assume that the rates for CH 3 OH are comparable within an order of magnitude. The critical density for a transition is calculated by:
Here γ is the collisional rate in cm 3 s −1 . The collisional rates for CH 3 OH are ∼10 −11 -10 −10 cm 3 s −1 (Pottage et al., 2004) . The values for the Einstein A-coefficients of CH 3 OCH 3 range from 10 −6 s −1 up to 4.0×10 −3 s −1 at the highest frequencies and up to 3.0×10 −4 s −1 for frequencies below 370 GHz. This means that n cr can be as high as 10 7 -10 8 cm −3 for the lines with the highest line-strengths assuming the collisional rate is 10 −11 cm 3 s −1 . However, as previously mentioned the effective density at which a transition is thermalized is likely to be different from the critical density. Multiple effects can play a role, e.g., for transitions from moderately to highly excited states the sum over all collisional rates from the upper state need to be considered and not only the one corresponding to the radiative transition. High optical depths can also lower the density at which a transition is thermalized. Additionally, a strong infrared radiation field can thermalize the populations to the radiation field irrespective of the density. However we do not expect the latter to be a problem for dimethyl ether in this source (see Sect. 4.2) . When effects like high optical depth or the inclusion of all collisional rates are taken into account, the density at which the molecular emission reflects the kinetic temperature is one or two orders of magnitude lower than the critical density, i.e., 10 5 -10 6 cm −3 . Since we used a rather conservative estimate for the collisional rate, the effective thermalization density may be lower still. This means that most transitions should easily be thermalized at densities of 10 6 -10 7 cm −3 we expect at temperatures from 70 K and higher from the model by Rolffs et al. (2011) .
Dust optical depth
The observations described in this paper cover a large frequency range and it is therefore important to obtain a model that is consistent over all frequencies. The LTE models constructed with the myXCLASS software systematically overestimate the linestrength for the CHAMP + part of the survey. This is likely due to the dust optical depth at higher frequencies, which absorbs part of the radiation emitted by the molecules (Mezger et al., 1990) . This can be corrected for by estimating the total column density of hydrogen, N H , from which the dust optical depth is calculated such that the relative intensities over all frequencies match. N H is given by N(H) + 2N(H 2 ) in cm −2 . The dust optical depth, τ d , is calculated by:
The dust collisional cross section (σ H λ ) is given by:
for λ > 100 µm. The metallicity for G327.3-0.6, Z Z , is assumed to be equal to that in the galactic center, i.e. 2, and b is an adjustable factor, that takes grain properties into account. The myX-CLASS program assumes a value of 3.4 for deeply embedded IR sources where the grains are expected to be coated with thin ice layers (Rengarajan, 1984) . In comparison, a factor of 1.9 is used for grains without ice layers. The latter may be more correct for the CH 3 OCH 3 emission that is arising from warmer gas. Furthermore in the myXCLASS program, dust is considered to be present in a foreground layer and corrected for with the factor e −τ d . For consistency we use the same correction factor for the rotational diagram treatment. However, when the dust is present in the source itself molecular line emission is expected to be attenuated with the factor (1 − e −τ d )/τ d . The combination of the effect of the dust grain properties and foreground/in situ treatment could lead to an underestimation of the value for N H with a factor 4-5 in addition to the uncertainty of about ∼50% on the value derived from the CHAMP + observations with myXCLASS. However, with the additional uncertainties on the source structure and the dust composition it is accurate enough for our purposes. The line-intensities over the full frequency range covered in this paper are corrected for by the factor e −τ d . The optimal value for N H is derived by assuming the model for dimethyl ether found at the lower frequencies also to hold at the higher frequencies (See Sect. 4.1). Typical values for τ d are 0.08 (230 GHz), 0.13 (290 GHz), 0.19 (345 GHz), 0.76 (690 GHz) and 1.04 (810 GHz).
Results
4.1. The CH 3 OCH 3 ground state, = 0 Emission lines for the ground state are detected in all atmospheric windows, more specifically 337 in the SHeFI bands and 136 at the frequencies observed with CHAMP + . Examples of lines detected for each band are shown in Fig. 1 . Naturally a large number of lines is blended with transitions of other species, which results in a number of 250 features, for which CH 3 OCH 3 is the main contributor (an overview of the CH 3 OCH 3 , = 0 transitions is given in the appendix in Table A .1). As described in Sect. 3, the model for the emission of all other assigned features is taken into account in the isothermal myXCLASS model. The values for E u for the detected transitions range from 21.7 to 677.5 K, and are very evenly spread in energy. The optical depths for detected transitions range from 0.056 to 26.
We have attempted to fit the data with both a one-component and two-component isothermal model (see Sect. 3). In general the two components fit the data better by-eye, since it is difficult to model both the intensities of the optically thick transitions with excitation temperatures above and below 200 K accurately with only one component. The optically thick lines with the lowest excitation temperatures of ∼30 K namely suggest a Fig. 1 . Selected emission lines for ground-state CH 3 OCH 3 , = 0, in all atmospheric windows. The observed spectrum is displayed in black, the myXCLASS isothermal model for CH 3 OCH 3 , = 0, in red and the myXCLASS isothermal model for all assigned species in blue. The major transitions of CH 3 OCH 3 , = 0, and other detected species are indicated in the plot as well as the values for E u for the transitions of CH 3 OCH 3 , = 0. Table 2 . Resulting best by-eye fits for the isothermal myXCLASS model. The estimated uncertainties on the different parameters are given in brackets.
3) a N T is the source averaged column density calculated using Eq. 8.
significantly larger source size compared to the optically thick lines of ∼200 K. To get an idea of how well both models fit we have calculated a reduced χ 2 for both isothermal models for the same transitions as modeled with the non-uniform density model discussed in Sect. 4.3. The parameters for both models, as well as the reduced χ 2 are shown in Table 2 . The two-component isothermal model has a reduced χ 2 of 1.34 vs. 2.08 for the onecomponent model. This result may suggest that there are two physical components, but could also indicate that the dimethyl ether emission arises from a region with a non-uniform density and/or temperature structure. The same is seen in the CHAMP + data. Here two different values for N H are needed to correct for the dust optical depth (see Sect. 3.2 for an explanation). This is also illustrated in Fig. 2 , where the CHAMP + data (shown as ) is corrected for the τ d found for the highest excitation lines for a hydrogen column density of 2×10 24 cm −2 . This value is consistent within the uncertainties mentioned in Sect. 3.2 with N T >100 K of 4.5×10 24 cm −2 derived for the models by Rolffs et al. (2011) from the 870 µm dust emission, in particular since the value found with myXCLASS (see Sect. 3.2) likely underestimates the actual value. The CHAMP + detections are well fit at the highest excitation energies, but that the excitation levels below 200 K actually are corrected too much and lie above the fit and most of the transitions detected with SheFI (shown in Fig. 2 as ) . These lower energy CHAMP + detections thus seem to require a lower dust optical depth and corresponding hydrogen column density (N H =1×10 24 cm −2 ) to match the lower frequency data. This could be explained by dimethyl ether gas that is present in an extended region with a temperature and density gradient or that has two different abundance components. Both scenarios 17 cm −2 and T rot is 105 K for a source size of 2.6 . For the transitions with E u <200 K these values are 5.0×10 17 cm −2 and 82 K, respectively for a source size of 3.2 . may well cause dimethyl ether to "see" different dust columns dependent on the location in the envelope of the star-forming region (see also Sect. 5).
The two-component isothermal myXCLASS model fit to the data is shown in the rotation diagram in Fig. 2 for the ground state. On the left the rotation diagram is shown without the correction for optical depth and on the right with the correction for the optical depth derived from the model. Least-square fits of the transitions are shown for both E u values above 200 K (solid line) and below 200 K (dotted line). The column density for the fit to the transitions with E u > 200 K is 5.5×10 17 cm −2 and the rotational temperature is 105 K for a source size of 2.6 . For the transitions with E u <200 K these values are 5.0×10 17 cm −2 and 82 K, respectively for a source size of 3.2 . The difference between the column densities from the rotational diagram and the two components given in Table 2 are due to the fact that the two temperature components of the isothermal model are both contributing to the emission of all transitions, and the least-square column densities are therefore higher. The comparison between the two rotation diagrams clearly shows that a large fraction of the "scatter" is due to the optical depth of the emission lines. The rotational temperature derived in the uncorrected rotational diagram is furthermore higher and the column density about an order of magnitude lower compared to that corrected for optical depth. Some scatter remains for the corrected data which is most likely due to the presence of line-blends with unidentified features, as well as uncertainties in the baseline level due to lineconfusion.
As discussed in Sect. 3.1, it is possible (though not likely) that some transitions for dimethyl-ether are excited under non-LTE conditions. If we remove those lines for which this is most probable, the fit to the data is not affected significantly, and most of these transitions are very well-fit by the LTE model. Thus we conclude that LTE indeed is a good approximation for dimethyl ether in this source.
4.2. The CH 3 OCH 3 torsionally excited states 11 = 1 and 15 = 1
Emission from the 11 = 1 torsionally excited state is detected in all atmospheric windows studied here. The 15 = 1 state is detected in all atmospheric windows except for the highest (810 GHz) window. The number of lines present in the observations for 11 = 1 with the SHeFI receiver is 117 and 84 with the CHAMP + receiver. For 15 = 1 these numbers are 59 and 39, respectively. Unfortunately, some of these features are very strongly blended with transitions of other species so that there are only 101 and 42 "clean" features that can reliably be used for the analysis of 11 = 1 and 15 = 1, respectively (see for an overview of these assignments Tables A.2 and A.3 in the appendix). In Figs. 3 and 4 selected transitions for both states are shown for all atmospheric windows in which they are detected. The torsionally excited states states lie ∼288 K ( 11 = 1) and 346 K ( 15 = 1) above the ground state. Lines with E u up to 550 K have been detected. The smaller energy range covered compared to the ground state, means that the column densities and rotational temperatures for 11 = 1 and 15 = 1 lines are less well-constrained. However, their spectra are very well modeled with the same LTE model as the ground state (see Sect. 4.1). Interestingly the 11 = 1 torsionally excited state is infrared inactive while 15 = 1 is infrared active. If dimethyl ether would strongly interact with the infrared radiation field, a difference between the excitation of the ground state and the torsionally excited states or between the two torsionally excited states would be expected. Since this clearly is not the case, we conclude that for this specific molecule it is not necessary to include or correct for an infrared radiation field in the models.
In Fig. 5 the rotational diagrams are shown for the 11 = 1 and 15 = 1 states. The least-square fits are indicated by the solid black line and a fit to the high energy transitions of the ground state is indicated with the dotted line. The least-square fit to the torsionally excited state, 11 = 1 gives a resulting column density Fig. 3 . Selected emission lines for CH 3 OCH 3 , 11 = 1, in all atmospheric windows. The observed spectrum is displayed in black, the myXCLASS isothermal model for only CH 3 OCH 3 , 11 = 1, in red and the model for all assigned species in blue. Transitions of CH 3 OCH 3 , 11 = 1, and other detected species are labeled in the plot as well as the values for E u for CH 3 OCH 3 , 11 = 1. and 107 K, respectively. The consistency between the model for the ground state and the torsionally excited states is not just clear from the isothermal model fits shown in Figs. 3 and 4, but is also apparent in these rotational diagrams (Fig. 5) . Due to the lower optical depths for the transitions of the excited states one could expect that the critical densities for the lines from the 11 = 1 and 15 = 1 states and thus the densities where LTE is a good approximation are higher than for the ground state. Nonetheless they are very well fit by the same model, confirming our conclusion in Sect. 3.1 that LTE is a good assumption for dimethyl ether toward the G327.3-0.6 star-forming region.
The optical depths in the isothermal models for the torsionally excited states range from 0.05-0.655 and 0.038-0.387 for 11 = 1 and 15 = 1, respectively. The line intensities are very close to what is expected based on the ground state and no lines that are expected to be there are missing. We are therefore confident, that we have detected the 11 = 1 and 15 = 1 states here for the first time in space and expect that their transitions will easily be detected in other hot core sources in the future.
A non-uniform density and temperature model
In Sect. 4.1 we show that two abundance components are needed to model the dimethyl ether emission with an isothermal model. This may either be due to two physical components or to the fact that the dimethyl ether emission arises from an extended region in the envelope. We now want to test these scenarios for a spherical model for the source structure with a physically more realistic temperature and density profile.
We have used the density and temperature profile for the source G327.3-0.6 calculated by Rolffs et al. (2011) and modeled the dimethyl ether emission with the new radiative transfer tool LIME (Brinch & Hogerheijde, 2010) . Rolffs et al. (2011) approximate the density and temperature profile of G327.3-0.6 with a spherical model based on the 870 µm dust radial profile observed with the Large APEX Bolometer Camera (LABOCA) in the ATLASGAL project (APEX Telescope Large Area Survey of the Galaxy, Schuller et al., 2009 ). In the model the source has a luminosity of 7×10 4 L , a temperature of 55 K at the photospheric radius (i.e., diffusion sets the temperature gradient in the inner region, and the balance between heating and cooling sets the temperature gradient in the outer region), and a density of 3.5×10 6 cm −3 . The photospheric radius is derived by comput- ing the Planck and Rosseland opacities and weighting them with the Planck function (see Rolffs et al., 2011 , for the details). The model assumes the gas is static, and has a turbulent line width, FWHM, of 4 km s −1 .
The dimethyl ether in the non-uniform density and temperature LIME models is assumed to be in LTE as for the isothermal myXCLASS models presented in Sect. 4.1. The dust opacity has not been taken into account in the LIME models, due to issues of its implementation into the code in combination with overlapping transitions, which for dimethyl nearly always is the case. For this reason we have chosen to use only low frequency dimethyl ether transitions (up to: 261956 MHz) for which the dust is optically thin (see Sect. 3.2) and thus does not affect the model results significantly. Another assumption is that CH 3 OCH 3 evaporates above 70 K and that dimethyl ether's precursor methanol evaporates at ∼100 K (see Sect. 1). The radii at which these temperatures occur are consistent with those found for the two components of the isothermal myXCLASS model described in Sect. 4.1. Fig. 6 . Selected emission lines for CH 3 OCH 3 , = 0, over-plotted with the best-fit non-uniform LIME model with a single jump of the CH 3 OCH 3 abundance at 70 or 100 K (see Table 3 ). The observed spectrum is displayed in black, the model for CH 3 OCH 3 , = 0, with an abundance jump at 70 K in light grey and at 100 K in dark grey. The value of E u for each transition is given in the upper right corner of each panel. Fig. 7 , but with the isothermal myXCLASS model over-plotted in grey (see Table 2 for the properties of the two isothermal components).
To assess the accuracy of the models, we have performed a reduced χ 2 -analysis for the calculated emission for a set of 7 dimethyl ether transitions that span a range of temperatures and optical depths and are known to be free from emission line blends from our survey. In Table 3 we show the best reduced χ 2 for the fits to the transitions shown in Figs. 6-8 for the nonuniform density and temperature models with the CH 3 OCH 3 abundance jumping at a temperature ranging from 70 K up to 100 K. Results for the best-fit model with a jump at 70 K (light grey) and 100 K (dark grey) are also shown in Fig. 6 , as well Table 3 . Results of the fits to a selected number of dimethyl ether transitions for both the non-uniform density and temperature LIME models as well as the isothermal myXCLASS models. as the model with a jump at both 70 and 100 K (light grey) and a single jump at 85 K (dark grey) in Fig. 7 . The reduced χ 2 is calculated for a 10 km s −1 wide window around the peak position except for the blended features (second and fifth panel), where the velocity range covered is 8 km s −1 to avoid including emission from other species. Below the jump temperature the abundance is set to be negligible (1.0×10 −15 w.r.t. H 2 ). For each jump temperature, we first tried to identify around which abundance the reduced χ 2 was lowest and afterwards ran a set of 4-6 models with abundance steps of 1-2×10 −8 to identify the best-fit abundance.
As can be seen in Fig. 6 the LIME model, where the abundance jump for CH 3 OCH 3 occurs at 100 K, fits most emission lines very well, but seems to over-reproduce the transitions with the highest excitation energies. In contrast, the model where there is a single jump at 70 K, has the opposite problem, that the lower excitation transitions are over-produced, when those at high energies are well fit. When there are two abundance jumps at 70 and 100 K or one at an intermediate temperature of 85 K (see Fig. 7 ) this systematic mismatch of low or higher excitation transitions is not observed. The difference between the model with the abundance jump at 85 K and that with a jump at both 70 and 100 K is, however, negligible. Both models fit the observed line strength and width very well. It is only in the second panel for the 22 K lines that some deviation is seen for two weaker lines, which are slightly under-produced very likely due to unknown line blends.
Due to the similarities for the non-uniform density LIME models with a single or double abundance jump no conclusion about whether there are one or two jumps in the CH 3 OCH 3 abundance, can be drawn. Finally, the models suggest that most dimethyl ether emission arises from a region with temperatures above 100 K, but that some emission seems to arise from a region with temperatures lower than 100 K.
Discussion

Comparison of an isothermal source model with a non-uniform density and temperature model
In general, we can conclude that isothermal models for the dimethyl ether emission are in qualitative agreement with the models with a non-uniform source structure. This is demonstrated by the comparison of Figs. 7 and 8. There are small differences, i.e., the line wings are better fit with the isothermal model, whereas the line-centers are often better fit with the non-uniform source model. To compare the isothermal fit to the non-uniform spherical model, we have calculated a reduced χ 2 for the myX-CLASS models with one and two components of the same lines that are used in the LIME model. The isothermal model suggests two abundance jumps for CH 3 OCH 3 , as can be seen by the significantly lower value for χ 2 for the two-component model (see Sect. 4.1). However, the non-uniform density and temperature models suggest that two separate abundance jumps are not needed. This suggests that dimethyl ether traces gas that has a temperature and density gradient. In a way our two-component isothermal model can be considered as a "simple" non-uniform density and temperature model. The non-uniform source model is therefore a useful tool for the interpretation of the emission of CH 3 OCH 3 in the hot core of G327.3-0.6.
Implications for the formation mechanisms of CH
The fact that CH 3 OCH 3 is present in regions with a range of temperatures makes it difficult to separate the contribution of grain surface formation or gas phase formation and determine which is dominant. If we assume that dimethyl ether with excitation temperatures below 100 K is due to solid state formation, then it is possible to estimate the lower limit to the fraction of CH 3 OCH 3 that is formed on icy grains. The reason we can only deduce lower limits is, that the dimethyl ether present at higher temperatures may also originate from solid state chemistry. A laboratory study by Collings et al. (2004) namely shows that many molecular species can be trapped in ices up to the H 2 O evaporation temperature. For species with similar binding energies as CH 3 OCH 3 , about 50% remains trapped in the ice until the H 2 O evaporates when it is co-deposited with water. This fraction is lower for layered ices, where the studied species was deposited on top of a water ice layer. Unfortunately, CH 3 OCH 3 was not one of the species studied by Collings et al. (2004) , but it is reasonable to assume that something similar would occur for dimethyl ether and that some fraction of the dimethyl ether gas at temperatures above 100 K is due to CH 3 OCH 3 co-desorbing with H 2 O.
In Table 3 we show the fractional contribution of the dimethyl ether containing gas that has a temperature between 70 and 100 K,
N(CH 3 OCH 3 ) . N(CH 3 OCH 3 ) is defined as the total number of dimethyl ether molecules in the model, and is derived by integrating over the radial density profile combined with the radial abundance dependence for dimethyl ether. N <100 K (CH 3 OCH 3 ) is calculated in a similar way, but only by integrating over the part of the envelope that is below 100 K. If we consider the model with the abundance jump at 85 K, the fraction of dimethyl ether present in gas between 70 and 100 K is 21%. This would suggest that at least 21% is formed on icy grains. If we assume that the two-jump model is the most extreme case, since, as mentioned earlier in this section, the 100 K systematically under-reproduces all the lower excitation lines, then the models suggest that the lower limit to the grain surface contribution is 5% and conversely, this means that the upper limit to the gas phase contribution is 95%.
An alternative formation mechanism for low-temperature gas-phase dimethyl ether is that a small fraction of solid CH 3 OH evaporates from the ices at low temperatures and gives rise to a small amount of CH 3 OCH 3 that is formed in the cooler gas phase. For 13 CH 3 OH we have performed a similar analysis as described for dimethyl ether in this paper, i.e. we modeled its emission with both isothermal and a non-uniform density and temperature models. The best-fit abundances found for 13 CH 3 OH in non-uniform density and temperature models are 2(±0.5)×10
−11 and 4.5(±0.5)×10 −8 , below and above 100 K, respectively. When we assume the 12 C/ 13 C ratio to be 53 the average found by Wilson & Rood (1994) for the 4 kpc molecular ring, the CH 3 OH abundance below 100 K in G327.3-0.6 would be ∼1×10 −9 and ∼2×10 −6 above 100 K. This is consistent with models of both low and high-mass star-forming regions where the abundance of CH 3 OH is on the order of 10 −10 -10 −9 below 90-100 K (Schöier et al., 2006; Maret et al., 2005; Van der Tak et al., 2000) . Since radiative dissociation experiments performed with CD 3 OCD + 4 by Hamberg et al. (2010) only results in the formation of deuterated dimethyl ether in 7% of the reactions, and not all CH 3 OH will react to form CH 3 OCH + 4 , we expect the CH 3 OCH 3 /CH 3 OH ratio to be 0.07 at most, but probably much lower. The gas phase abundances of dimethyl ether formed at low temperatures is therefore likely not larger than 7×10
−11 . Additionally, CH 3 OCH 3 itself may also desorb directly through non-thermal mechanisms. In theoretical models of grain-surface formation the solid state CH 3 OCH 3 /CH 3 OH ratio is on the order of 10 −3 -10 −4 (Garrod et al., 2008) . The gas phase abundance of CH 3 OCH 3 that could be due to non-thermal desorption is thus expected to be ∼10 −13 , which is lower than the CH 3 OCH 3 abundance that could be formed from non-thermally desorbed CH 3 OH. Since abundances of ∼10 −8 for dimethyl ether are needed in the outer regions both in the isothermal case and for the non-uniform source models for the G327.3-0.6 high-mass star-forming region, the major contributor to cooler dimethyl ether gas cannot be direct non-thermally desorbed CH 3 OCH 3 or gas phase formation through the non-thermal evaporation of CH 3 OH. CH 3 OCH 3 that desorbs thermally from icy grain surfaces is therefore most likely responsible for the CH 3 OCH 3 emission below 100 K. Interestingly, the CH 3 OCH 3 /CH 3 OH ratio above 100 K is in the 5-10% range for our non-spherical source models, which is close to the upper limit for the ratio expected from gas phase formation mechanism, underlining that although the data suggests that there is some grain-surface formation of dimethyl ether, the gas phase mechanism likely is dominant.
In summary, our non-uniform density and temperature LIME models of the emission of dimethyl ether, give qualitatively the same result as the isothermal myXCLASS model. They namely suggest that most emission of dimethyl ether arises from regions with temperatures of 100 K and higher, but that some fraction of dimethyl ether emission is present at lower temperatures. The most likely origin of this low temperature component is formation of dimethyl ether in the solid state.
Summary and conclusions
In this paper we have analyzed the rotational emission of CH 3 OCH 3 in its ground state, = 0, and the torsionally excited states 11 = 1 and 15 = 1 for the source G327.3-0.6 observed with the Atacama Pathfinder EXperiment (APEX). The data have been modeled with an isothermal model as well as a radiative transfer model with a non-uniform spherical density and temperature structure. The main conclusions are: -Many transitions from the ground state, = 0, of dimethyl ether are detected toward the high-mass star forming region G327.3-0.6. The emission can be very well described by a two-component isothermal model with two abundance jumps at 80 K and 100 K. Since dimethyl ether has both optically thin and moderately optically thick lines, it is a very suitable diagnostic for dense and fairly warm regions. -A variety of lines from the 11 = 1 and 15 = 1 torsionally excited states of dimethyl ether are detected here for the first time. The emission can be well described by the same model as for the ground state. Due to the large line-strengths these states should also easily be detectable in other line-rich hot core sources, in particular with new upcoming interferometers such as the Atacama Large Millimeter Array (ALMA). -Radiative transfer models with a non-uniform density and temperature structure show that the emission can be very well fit by an abundance jump in the dimethyl ether emission at either 85 K or by two abundance jumps at 70 and 100 K. In contrast two components are needed to accurately reproduce the emission with an isothermal model. We therefore conclude that the non-uniform density and temperature models suggest that dimethyl ether emission arises from an extended region with a significant density and temperature structure, but not necessarily has two abundance components. We estimate that the lower limit for the solid state vs. gas phase contribution is 5%. However, the large abundance ratio CH 3 OCH 3 /CH 3 OH suggest that the gas phase formation mechanism is likely the major contributor.
The presented study shows the potential for these kind of surveys to constrain the chemical structure of high-mass protostellar hot cores. The study of CH 3 O 13 CH 3 could potentially give additional clues to the formation of dimethyl ether. The 12 C/ 13 C ratio namely has the potential to distinguish between grain surface formation and gas phase formation of dimethyl ether (Charnley et al., 2004 ). This would make it possible to not just improve our understanding of the formation routes of dimethyl ether, but also address whether isotopologues in general can be used as important tracers of the chemistry in starforming regions.
In addition, it would be interesting to perform similar analyses for a variety of complex organic species. This will make it possible to compare different molecular species with each other as well as to astrochemical models. Specifically, a strong correlation between the abundances of different complex organic species in large sample of star-forming regions, such as performed by Bisschop et al. (2007) may tell us whether two complex organic molecules likely are chemically related. In the longer term, high resolution interferometric measurements, in particular with ALMA, are key to understanding the origin of CH 3 OCH 3 and other complex organics in star-forming regions. The higher spatial resolution will place better constraints on the physical structure of the source and will for example show whether the emission is clumpy or non-spherical. Also, such observations will show how the absolute abundances vary with temperature and thus reveal whether a given species comes off dust grains directly at its evaporation temperature -or perhaps is formed only at even higher temperatures in the gas-phase. From this it is possible to conclude what the relative importance of solid state and gas phase formation mechanisms are and for which key reactions laboratory investigations and quantum chemical calculations are most needed.
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frequency windows.
In this appendix we show the line parameters for all the unblended lines that have been detected for CH 3 OCH 3 , = 0 (Table A. 1), 11 = 1 (Table A. 2), and 15 = 1 (Table A. 3). For questions about the full line-list please contact the authors. For all transitions frequencies, quantum numbers and the energies of the upper state (E u ) are given as well as the measured integrated line intensities ( T MB dv) and model line-intensities from the isothermal myXCLASS model for the dimethyl ether emission (I model ). Most features are actually composed of a set of multiple transitions, and we therefore refer to Endres et al. (2009) and Endres et al. (in prep.) for the values of µ 2 S for the individual transitions.
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